Here, with the aim of obtaining insight into the intriguing selectivity of G-quadruplex (G4) ligands toward cancer compared to normal cells, a genetically controlled system of progressive transformation in human BJ fibroblasts was analyzed. Among the different comparative evaluations, we found a progressive increase of DNA damage response (DDR) markers throughout the genome from normal toward immortalized and transformed cells. More interestingly, sensitivity to G4 ligands strongly correlated with the presence of a basal level of DNA damage, including at the telomeres, where the chromosome ends were exposed to the DDR without concurrent induction of DNA repair activity, as revealed by the lack of 53BP1 recruitment and telomere aberrations. The link between telomere uncapping and the response to G4 stabilization was directly assessed by showing that a partial TRF2 depletion, causing a basal level of telomere localized DDR, rendered telomerized fibroblasts prone to G4-induced telomere damage and anti-proliferative defects. Taken together these data strongly indicate that the presence of a basal level of telomere-associated DDR is a determinant of susceptibility to G4 stabilization.
INTRODUCTION
Telomeres are the structures at the end of eukaryotic linear chromosomes. Human telomeres consist of doublestranded tandem repeats of the hexanucleotide sequence TTAGGG, except for a terminal 3 G-rich overhang. Telomeres can form a loop structure (t-loop), with the 3 G-rich strand invading the duplex telomeric tract (1), or can fold into a four-stranded DNA structure, termed G-quadruplex (G4) (2) . To ensure telomeric function, this DNA structure is bound by various telomere-associated proteins: a core complex of six telomere-specific proteins (shelterin) and a growing number of accessory proteins that assist with proper chromosome end protection, telomere length regulation and telomere processing (3, 4) .
Telomeres serve two main purposes: they act as sequence buffer to counteract replication-associated shortening and they protect the ends of chromosomes from degradation and damage (5) . Critically short or unprotected telomeres, obtained by deleting shelterin components (the best examples are TRF2 and POT1), result in acute phenotypes where the chromosome ends are recognized as doublestrand break, eliciting either an ATM-or ATR-dependent DNA damage response (DDR), and are subjected to homologous recombination or fusion via non-homologous or alternative end-joining (6) (7) (8) (9) . Deprotected chromosome ends subjected to a DDR are cytologically visible as colocalizations between telomeric proteins (e.g. TRF1) or DNA and DDR markers, such as the phosphorylation of histone H2AX (␥ H2AX) within the telomeric and sub-telomeric chromatin and association of 53BP1 (53-binding protein 1) with the chromosome ends (10) (11) (12) , forming the so-called Telomere-Dysfunction Induced Foci (10) . Similar foci occur in smaller number at replicative senescence and there is evidence that these telomeric DDR signals are responsible for initiating p53-dependent senescence (13) .
An emerging model suggests that spontaneous telomere deprotection during aging progresses through three distinct protective states that regulate cellular consequences (14) . In this model, telomere erosion controls proliferative boundaries by changing telomere structure from a 'closed state', that protects chromosome ends against DDR, into two distinct states of telomere deprotection: (i) the 'intermediate state', where telomeres induce DDR but bind sufficient shelterin to inhibit end-to-end fusion; (ii) the 'uncapped state', that is both DDR+ and fusogenic, resulting from insufficient TRF2 to inhibit end joining. Quantitative analysis indicates that five or more intermediate-state telomeres are sufficient to induce senescence, and more deprotected telomeres can accrue in p53 incompetent cells without affecting growth (15) , in agreement with recent results demonstrating that telomeric DNA damage is irreparable and causes persistent DDR activation (16) .
A wealth of published works revealed that uncapped telomeres can also be obtained by pharmacological G4 stabilization (17) . Over the past decade, many chemical classes of G4 ligands have been described for their ability to target and damage telomeres, preferentially affecting transformed and tumor cells (18) . Several of them reduce the growth of various cancer cell lines and some of them exhibit antitumor activity in mice bearing various human tumour xenografts, including some inherently resistant to chemotherapy (19) . The effect of G4 ligands both as a single agent and, more interestingly, in combined therapy with cytotoxic agents widely used in cancer treatment, such as camptothecins, suggests that this class of compounds could be employed as very promising anticancer agents (20, 21) . A consistent mechanism of action is now emerging for G4 ligands: in addition to their telomerase inhibitory properties, these agents can exert an anticancer effect by telomeric chromatin alteration leading to POT1 and TRF2 dissociation with the consequent activation of ATR-/ATM-dependent damage pathway at the telomeres (21) (22) (23) . However, the molecular mechanism of this new class of potential antineoplastic agents has not been fully understood. Here, we found that the presence of a basal degree of uncapped telomeres, characterizing tumor lines, can make cells susceptible to G4 stabilization, identifying one of the mechanism(s) responsible for the selectivity of G4 ligands toward transformed cells.
MATERIALS AND METHODS

Cells, culture condition and transfection
Human BJ, primary melanocytes, human epthelial kidney (HEK) and prostate epithelial (PrEC) cells were purchased by the ATCC repository and maintained according to the manufacturer's instructions. To obtain the BJhTERT cell line, primary BJ were infected with the hTERT carrying retrovirus (Addgene plasmid #1773; (24) ). Early, Mid and Late cen 3 tel fibroblasts were obtained and maintained as described (25) . BJ-EHLT, BJ-EHLT/RasV12 fibroblasts, M14 melanoma and PC3 prostate cancer cell lines were obtained and maintained as described (23, (26) (27) . HEK+SV40LT cells were a generous gift of Dr. Silvia Bacchetti (28) .
GFP, p53 and pRb interfered BJ-hTERT cells were obtained by infection with amphotrophic retroviruses generated by transient transfection of retroviral vectors expressing short hairpin for GFP, p53 (pBabe-puro-shGFP and pBabe-puro-shp53 are a kind gift of Dr. Grandori (29) 
In vitro treatment, proliferation and viability assays
The G4 ligand RHPS4 was synthesized and used as described previously (31, 32) . Note that 5 × 10 4 cells were seeded in 60-mm Petri plates and 24 h after plating, the freshly dissolved drugs were added to the culture medium. Cell counts and viability (trypan blue dye exclusion) were determined daily, from day 1 to day 12 of culture.
Western blotting (WB)
Western blot and detection were performed as previously reported (33) . For WB application, the following antidodies were used: mAb anti-␤-actin (Sigma Chemicals, Milano, Italy), mAb anti-p53 DO-1, pAb anti-Thr68 Chk2 (Cell Signaling, Beverly, MA, USA); mAb anti-TRF2 (Imgenex, San Diego, CA, USA); mAb anti-pRB (BD Pharmingen, Franklin Lakes, NJ, USA).
Immunofluorescence (IF) and fluorescence in situ hybridization (FISH)
For interphase nuclei telomere-induced foci (TIFs) analysis, cells were fixed in 2% formaldehyde and permeabilized in 0.25% Triton X100 in phosphate buffered saline (PBS) for 5 min at room temperature (RT). Then cells were incubated with primary antibodies for 2 h at RT, then washed in PBS and incubated with the following secondary antibodies: tetramethylrhodamine (TRITC)-conjugated Goat antiRabbit, fluorescein isothiocyanate (FITC)-conjugated Goat anti-Mouse (Jackson ImmunoResearch, West Grove, PA, USA). Nuclei were counterstained with 4',6-diamidino-2-phenylindole, Sigma (DAPI).
For metaphase TIFs analysis cells were processed as described in (34) . Briefly, cells were blocked with demecolcine solution (20 ng/ml) for 1 h and then harvested and resuspended in hypotonic buffer. Then cells were cytospun onto glass slides and then fixed and processed for immunolabeling with ␥ H2AX primary antibody, and successively with a FITC-conjugated Goat anti-Mouse secondary antibody. Hybridization with TelG-Cy3 probe (Panagene, Daejeon, Korea) was performed as described (35) . For the cytogenetic evaluation of telomere aberrances, cells blocked in demecolcine as above reported were collected and washed in hypotonic buffer and processed as described (36) . Fluorescence signals were recorded by using a Leica DMIRE2 microscope equipped with a Leica DFC 350FX camera and elaborated by a Leica FW4000 deconvolution software (Leica, Solms, Germany). For Q-FISH analysis the acquired fluorescence signals were quantified by the TFL-Telo software.
Nucleic Acids Research, 2015 , Vol. 43, No. 3 1761 For IF application, the following antibodies were used: Mouse mAb anti-␥ H2AX (Millipore, Billerica, MA, USA); Mouse mAb (Abcam Ltd., Cambridge, UK) and Rabbit pAb anti-TRF1 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA) Rabbit pAb anti-53BP1 (Novus Biological Inc., Littleton, CO, USA); Mouse mAb anti-␥ H2AX (Millipore).
Chromatin immunoprecipitaion (ChIP) assay
ChIP assay was performed as previously described (37) . The following antibodies were used: pAb anti-TRF1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); mAb anti-TRF2 (Imgenex, San Diego, CA, USA); pAb anti-␥ H2AX (ab2893, Abcam). mAb anti-␤-actin (Sigma) was used as negative control of the ChIP assay.
Statistical analysis
The experiments have been repeated from three to five times and the results obtained are presented as means ± SD. Significant changes were assessed by using Student's t-test two tails for unpaired data, and P-values <0.05 were considered significant.
RESULTS
Transformation makes cells sensitive to G-quadruplexstabilizing agents
Several small molecules interacting with G4s, which have been described as telomere-targeting agents, display an intriguing selectivity toward transformed and tumor cells (19) . In this context, by using a genetically controlled cell system of human primary (BJ), immortalized (BJ-hTERT) and SV40LT transformed (BJ-EHLT) foreskin fibroblasts, we demonstrated that normal and telomerized cells were resistant to different chemically unrelated G4 ligands, when using a drug dose able to kill transformed cells (21, 23; Figure 1A and Supplementary Figure S1 ). This phenomenon is exacerbated when BJ-EHLT cells were transfected with Ras/V12 oncogene (BJ-EHLT/Ras), showing that the acquisition of a tumorigenic phenotype makes cells more sensitive to telomere damaging agents ( Figure 1A and Supplementary Figure S1 ). These results were confirmed by using a model of stepwise neoplastic transformation of h-TERT immortalized fibroblasts (25, 38) . In this case, Early-as well as Mid-passage cells, which did not show transformed morphology, were almost resistant to the G4-stabilizing agent RHPS4 while Late-passage fibroblasts, which underwent spontaneous transformation in vitro, developing a pre-neoplastic (Late I) or neoplastic (Late III) phenotype (25, 38) , were sensitive to the G4 ligand ( Figure 1B) . In order to rule out a fibroblast-specific effect regarding G4 ligand sensitivity, we evaluated the response to RHPS4 on human cells of different histotype, by comparing primary melanocytes with the M14 melanoma line, HEK epithelial kidney cells with their SV40-transformed counterpart, and PrEC prostate cells with the PC3 tumor cells. In all cases, RHPS4 triggered inhibition of cell proliferation in the transformed or tumor counterpart, without affecting the viability of the corresponding normal cells (Figure 1C and D). We conclude that transformation itself confers sensitivity toward G4 ligands.
It is worth mentioning that a progressive decrease of cell proliferation (Figure 2A ), accompanied by a massive induction of DNA damage ( Figure 2B ), including at telomeres ( Figure 2C-G) , was observed in normal cells at higher doses of drug exposure (2 and 5 M), indicating that RHPS4 displays a narrow window for selectivity between dividing normal and tumor cells. The fact that roughly four times more of RHPS4 is required to target telomeres and to decrease cell viability is an important feature in the light of a future clinical application of this new class of potential anti-tumor agents.
To understand why tumor cells are particularly sensitive to G4 stabilization, we first excluded an eventual different drug uptake between normal and transformed cells (Supplementary Figure S2 ). Then we asked whether mechanisms causing the slow growth of normal versus the rapid proliferation of tumor cells may be involved. The fact of growing normal BJ-hTERT fibroblasts in 20% fetal calf serum (FCS), which increased by 2-fold the percentage of S-phase cells, as compared to cells grown in 10% FCS, did not render them sensitive to RHPS4 (Supplementary Figure S3A -C). The resistance to RHPS4 of highly proliferating human peripheral blood lymphocytes are in agreement with these results (Supplementary Figure S3D and E) . Conversely, BJ-EHLT cells growing in 5% FCS, reducing the number of dividing cells, did not decrease their sensitivity to the drug treatment (Supplementary Figure S3A-C) . Moreover, to reveal even a transient response to G4 stabilization, BJhTERT cells were synchronized at the G1/S boundary with the thymidine block, and the kinetics of a DDR activation was monitored after release. As reported in Supplementary Figure S4 , we did not detect any activation of damage response at all the times analyzed, even in S phase cells, corresponding to active telomere replication (6) . Overall, these results failed to reveal a significant contribution of cell proliferation to the G4 ligand sensitivity.
A basal level of telomere uncapping is associated with G4 ligand sensitivity.
Then, we investigated whether the differential sensitivity to G4 ligand between normal and transformed cells was due to differences in the structure of their telomeres. Consistent with the reactivation of telomerase activity, the telomere length and the amount of telomere bound shelterin proteins were increased in BJ-hTERT (resistant) as well as in BJ-EHLT and BJ-EHLT/Ras (sensitive) fibroblasts (Supplementary Figure S5A , C and D), while no difference in the length of 3 -overhang was detected in the various cell lines (Supplementary Figure S5B) . Moreover, qFISH analysis did not show more critically short telomeres in BJ-EHLT and BJ-EHLT/Ras cells then in normal and BJ-hTERT fibroblasts (Supplementary Figure S5E) . Thus, differences in RHPS4 sensitivity cannot be merely explained by telomere length changes.
Remarkably, the high level of sensitivity of BJ-EHLT and BJ-EHLT/Ras cells as compared to BJ and BJ-hTERT cells was associated with an increased basal level of DDR, both globally, as scored in interphase cells by the number Figure S6 ) and by the ratio between telomeric and non-telomeric DNA damage evaluated in ChIP experiments ( Figure 3G and H). Consistent with interphase data, TIFs in metaphase (meta-TIF), which allow to accurately estimate the TIFs number in a whole nucleus (34) and avoid including TIFs postulated to transiently occur during the S/G2 phases (39), were detected in BJ-EHLT but not in BJ cells (Figure 4A and B) . Interestingly, the levels of telomeric and non-telomeric DNA damage induced by RHPS4, as revealed by IF and ChIP assay, strongly correlated with the susceptibility to the drug (Figures 3 and 4A and B) .
Meta-TIFs occurred independently of the telomere length status ( Figure 4C ) and were observed preferentially on chromatids with normal telomere signals ( Figure 4D ). These results, together with the lack of 53BP1 recruitment in untreated BJ-EHLT cells ( Figure 3B and D) and with the fact that these cells did not exhibit a significant increase of end-to-end fusions ( Figure 3C ) and telomere rearrangements ( Figure 4E ), suggest that telomeres of RHPS4 sensitive cells are only partially uncapped. It is worth noting that a significant number of aberrant telomere signals was also induced by the Ras/V12 expression, probably due to the replicative stress caused by the oncogene, which was further increased by G4 ligand treatment ( Figure 3C and 4E) .
The fact that transformed and tumor cells exhibit a higher level of basal telomere uncapping than normal cells and are more prone to damage following G4 stabilization was confirmed in spontaneously transformed human fibroblasts and in normal versus transformed cells of different hystological origin (Figure 3 and Supplementary Figure  S7 ).
Artificially created telomere deprotection sensitizes normal cells to G-quadruplex stabilization
One of the mechanisms of the accumulation of partially uncapped telomeres in transformed cells, without any overt consequences on cell growth, could be the failure in cellcycle checkpoint pathways. Thus, we generated p53 and pRb-compromised BJ-hTERT cell lines and evaluated the effects of RHPS4 treatment in terms of cell viability and activation of DDR pathway. In control (shGFP) as well as in pRb-compromised cells ( Figure 5A ), we did not observe a substantial activation of DDR at telomeres (Figure 5B -E) and treatment with the G4 ligand RHPS4 neither affected cell viability ( Figure 5F ) nor induced DNA damage, both at telomeric and non-telomeric regions ( Figure 5B-E) . In contrast, knock-down of p53 ( Figure 5A ), by itself, was enough able to induce H2AX phosphorylation both globally and at telomeres ( Figure 5B-E) , without activation of a complete DDR cascade, as shown by the lack of the phosphorylated form of Chk2 ( Figure 5B ). Exposure of p53-compromised cells to RHPS4 markedly increased telomere uncapping and growth defects ( Figure 5C-F) . In agreement with the increased dosage of TRF2 in BJ-EHLT, as compared to BJ or BJ-hTERT cells (40) , and with the data showing that p53 controls TRF2 stability (41), p53-compromised BJ-hTERT cells expressed high levels of TRF2 ( Figure 5G ), which could allow these cells to tolerate the accumulation of deprotected telomeres.
Results described up to now suggest that the effects of G4 ligands on transformed and tumor cells could result from the presence of a basal degree of telomere deprotection. The functional relevance of this observation was directly assessed by experimentally generating telomere deprotection through RNA interference against the shelterin protein TRF2. Interestingly, cells partially depleted of TRF2 ( Figure 6A ) showed a telomere-driven DDR, as revealed by co-IF and ChIP experiments (Figure 6 A-D) , and were prone to RHPS4-induced telomere damage (Figure 6A-D) and cell growth inhibition ( Figure 6E ). Therefore, a partial telomere uncapping is sufficient to render cells sensitive to RHPS4.
DISCUSSION
Evidence showing that telomeric G4 ligands selectively impair the growth of cancer cells without affecting the viability of normal cells (mainly fibroblasts) points to these molecules as possible drug candidate for future clinical applications (19) .
Here, we report that the sensitivity of G4 ligands toward transformed cells is not restricted to fibroblasts but it is a general phenomenon observed in several lines from normal and tumor counterpart of different hystotype. Moreover, normal cells are not completely resistant to telomere damage induced by G4 stabilization, but a 4-fold higher dosage of compound is necessary to induce telomere damage and anti-proliferative defects in normal cells. These results, together with the comparable drug uptake between normal and transformed cells, clearly exclude the possibility that G4 ligands are unable to target telomeres in normal cells. Moreover, the high susceptibility of transformed cells to G4 stabilization was not associated to telomere length nor to their high replication rate. Therefore, due to the lack of any activation of DDR in normal cells at the drug dose able to significantly damage telomeres of transformed cells, we can assert that telomeres of transformed cells are more prone to be damaged by G4 ligands. In this regard we can rule out the effect of the RHPS4 on the G4 structure recently identified within the 5 UTR of TRF2 mRNA (42) , since no change in the expression of this telomeric protein was observed upon treatment (37) ; even if the effects of the drug on other G4 structures throughout the genome (43,44) may contribute to increase the therapeutic index of this new class of potential antitumoral agents.
In this work, we studied the mechanisms underlying the differential response to G4 ligand between normal and tumor cells. Although an increased level of DDR markers thorughout the genome was observed in transformed compared to normal cells, we found a striking correlation between a basal degree of telomere damage and an enhanced sensitivity to RHPS4 in transformed cells. This occurred independently on telomere length and was characterized by an activation of ␥ H2AX at telomeres without 53BP1 recruitment and telomere rearrangements. These data are in agreement with evidence showing that some cancer and immortalized human cell lines carry an excessive burden of DDR+ telomeres (19) that is independent of telomere length (here and (8, (45) (46) ). Furthermore, we provided a causal nexus between telomere uncapping, artificially induced by TRF2 depletion and cell sensitivity to RHPS4 treatment in normal cells. Nevertheless, we cannot exclude that extra-telomeric loci, targeted by G4 ligands, may contribute to confer sensitivity to transformed cells. In seemingly apparent contradiction with this result, transformed and cancer cells used in this study showed an increased level of TRF2, in agreement with the enhanced stability of TRF2 previously observed in p53-deficient cells (41) . This suggests that the cause of the increased rate of telomere uncapping in cancer and transformed BJ cells we used here, is not the TRF2 depletion. Since a reduced expression of p53 in normal cells is sufficient to increase the basal level of uncapped telomeres and RHPS4 sensitivity, p53 could control the tolerance toward partial telomere uncapping or affect telomere structure or both. We propose that transformation triggers replication stress and partially uncapped telomeres, which are prone to induce a detrimental DDR response upon G4 ligand treatment. However, how the presence of telomereassociated DDR in transformed cells makes them susceptible to telomeric G4 stabilization remains to be determined. In this context, while it could be easy to hypothesize that in agreement with the induction of replicative senescence (15) , a threshold number of TIFs can be quickly reached in transformed cells (already possessing DDR+ telomeres) when exposed to G4 ligands, the lack of any DDR+ telomeres in drug-treated normal telomerized cells excludes this hypothesis. One can hazard the guess that the increased telomere uncapping triggered by G4 ligands might further increase genomic instability, such as cancer cells die of crisis by 'tipping the balance' (47).
In conclusion, this work adds a piece of substantial evidence accounting for the presence of uncapped telomeres in transformed cells, and for their role as determinants of susceptibility to G4 stabilizing molecules.
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